A new class of low-melting N,N′-dialkylimidazolium salts has been prepared with carborane counterions, some of the most inert and least nucleophilic anions presently known. The cations and anions have been systematically varied with combinations of 1-ethyl-3-methyl-(EMIM + ), 1-octyl-3-methyl-(OMIM + ), 1-ethyl-2,3-dimethyl-(EDMIM + ), and 1-butyl-2,3-dimethyl-(BDMIM + ) imidazolium cations and CB 11 H 12 -, CB 11 H 6 Cl 6 -, and CB 11 H 6 Br 6 -carborane anions to elucidate the factors which affect their melting points. From trends in melting points, which range from 156°C down to 45°C, it is clear that the alkylation pattern on the imidazolium cation is the main determinant of melting point and that packing inefficiency of the cation is the intrinsic cause of low melting points. C-Alkylation of the anion can also contribute to low melting points by the introduction of a further packing inefficiency. Nine of the thirteen salts have been the subject of X-ray crystal structural determination. Notably, crystallographic disorder of the cation is observed in all but one of these salts. It is the most direct evidence to date that packing inefficiency is the major reason unsymmetrical N,N′-dialkylimidazolium salts can be liquids at room temperature.
Introduction
Ionic liquids ("melts") are receiving renewed attention for their promise as alternative reaction media. [1] [2] [3] [4] [5] The important discovery was that N,N′-dialkylimidazolium 6,7 (A) and Nalkylpyridinium 8,9 (B) salts of common weakly coordinating anions (Y ) AlCl 4 -, BF 4 -, CF 3 SO 3 -, etc.) are liquids at or near room temperature. Other useful properties are negligible vapor pressure, high electrical conductivity, wide electrochemical window, tolerance to strong acids, and excellent thermal and chemical stability. The usable temperature ranges and unusual solvation characteristics of these media have added an important new dimension to traditional (i.e. metal halide) molten salt chemistry. [10] [11] [12] Exactly why these salts have such low melting points is not well understood, although the asymmetry of the cation is believed to play a major role.
We have begun an investigation into the properties of a new class of imidazolium salts with two goals in mind. One is to shed light on the factors that contribute to the low melting points of N,N′-dialkylimidazolium salts. The other is to incorporate carborane anions into the ionic liquid repertoire. Carborane anions are among the most inert anions in modern chemistry. Their extraordinarily weak nucleophilicity and redox inertness has allowed the exploration of new extremes of cation reactivity 13 and the isolation of new superacids. 14, 15 Their incorporation into ionic liquids should expand this utility, opening up new frontiers in reactive cation chemistry.
Despite their great stability, carborane anions are readily functionalized. For example, the 1-position (carbon) of the icosahedral CB 11 H 12 -ion can be alkylated and the 7-12 B-H bonds can be substituted with strong electrophiles (e.g. halogens). This allows a systematic variation of the properties of the anion that is unavailable in most traditional anions. Carboranes are 3D σ-aromatic analogues of arenes (2D π-aromatic systems) and the potential diversity of stable derivatives is comparable to that of substituted benzenes. 13 * Address correspondence to this author. E-mail: chris.reed@ucr.edu. † Current address: QUILL Centre, The Queen's University of Belfast, Stranmillis Rd., Belfast BT9 5AG, U.K. E-mail: j.holbrey@qub.ac.uk.
( N,N′-Dialkylimidazolium cations are also readily functionalized in a systematic manner. Thus, imidazolium/carborane combinations can in principle lead to a very large number of salts with gradually varying properties. From trends in their melting points and spectroscopic data, and knowledge of their crystal structures, we can hope to identify the specific features of the cations and the anions that contribute to their lattice energies. Early studies on imidazolium-based ionic liquids led to 1-ethyl-3-methyl-and 1-butyl-3-methylimidazolium dialkylation patterns becoming favored in the popular EMIM + and BMIM + tetrachloroaluminate and tetrafluoroborate salts. The absence of strong H-bonding is certainly a major contributor to low melting points 7,16 but the role of weaker C(2)-H‚‚‚Y (Y ) anion) H-bonding-type interactions in these salts is open to debate. [17] [18] [19] Asymmetry of the cation is generally recognized to be an important factor. Recent systematic studies on 1-(n-C n H 2n+1 )-3-methylimidazolium tetrafluoroborates for n ) 0-18 reveal interesting trends in their melting (or glass) transition temperatures. 17 The n ) 1 compound (i.e. 1,3-dimethylimidazolium) has a higher melting point than the N-H containing n ) 0 compound, suggesting that the H-bonding influences are less than straightforward. The n ) 2-18 compounds fall into two distinct groups. From n ) 2 to 9, the compounds show glass transition temperatures rather than melting points, decreasing rapidly for n ) 2-4 (i.e. ethyl through butyl) but remaining nearly constant (at ca. -80°C) for n ) 4-9. Curiously, the n ) 10-18 compounds regain true melting points, at much higher temperatures (-4 through 60°C), gradually increasing with increasing chain length.
Other factors that have been identified with respect to lowering melting points are burying or delocalization of the cation charge, the addition of solvent-like tails, nonalignment of ion pairs (cation stacking), buried charge in the anion (decreasing ionic bonding forces), and the minimalization of van der Waals forces. 7, [20] [21] [22] [23] [24] [25] In the present study, we have concentrated our efforts on preparing imidazolium carborane salts with melting points just above room temperature. This offers a number of practical advantages without seriously jeopardizing their ultimate application as useful liquid reaction media. Synthesis, purification via recrystallization, and single crystal formation are all made easier by working with compounds that are solids at room temperature.
Experimental Section
All synthetic procedures were carried out in a Vacuum Atmospheres inert atmosphere (He) glovebox (O2, H2O < 1 ppm). Solvents were dried by passage through alumina columns (Anhydrous Engin.) which fed directly into the glovebox. IR spectra were recorded as KBr pellets on a Shimadzu FTIR-8300 spectrometer inside a nitrogen-atmosphere glovebox. 1 H NMR spectra in acetone-d6 solutions were recorded on a 500 Inova Varian spectrometer. Microanalyses were performed by Desert Analytics Laboratories. Melting points were determined by differential scanning calorimetry (DSC) at 5°C/min heating/cooling rate on 5-10 mg samples on a Shimadzu DSC-50 instrument equipped with dinitrogen cryostatic cooling. Quoted values were taken from the first peak of the second heating cycle, i.e., all samples were first melted and re-solidified before taking data. Some samples showed more than one peak on the heating trace, indicative of liquid crystal phase formation. Re-solidification temperatures upon cooling were frequently different from the melting point upon heating. They are given in the Experimental Section whereas melting points are listed later in a table.
Silver and cesium carborane salts 26,27 and imidazolium halides 17 were synthesized as described elsewhere. A representative procedure for the synthesis of an imidazolium carborane salt is described for 1. Isolated yields were about 90% or better in all cases. Elemental analyses are given in Table S47 and NMR spectroscopic data are presented in Table  1 . Traces (up to 0.25 equiv) of residual dichloromethane solvent were sometimes detectable in samples by NMR analysis.
[EMIM][CB11H12], 1.
[EMIM]Cl (0.126 g, 0.856 mmol) was dissolved in dichloromethane (3 mL) and added to the stirred solution of Ag(CB11H12) (0.215 g, 0.856 mmol) in methanol (30 mL). The solution immediately became cloudy. After 10 h of stirring, the precipitate was removed by filtration and the solvent was removed from the filtrate under reduced pressure. The resulting white waxy solid was redissolved in dichloromethane, filtered through Celite to separate the last traces of AgCl, and re-isolated by removal of the solvent under reduced pressure. The white crystals were dried under vacuum for 12 h (0.195 g, 90% yield). Crystals suitable for X-ray crystallography were grown by slow evaporation of a methanol solution at ambient temperature. In DSC, after melting at 122°C, the material crystallized at 119°C during the cooling cycle.
[EMIM][CB11H6Cl6], 2. Synthesis was carried out according to the procedure described for 1 above from Cs[CB11H6Cl6] and [EMIM]Cl in dichloromethane/acetone mixture (10:1 by volume). Crystals suitable for X-ray crystallography were grown by slow diffusion from dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 114°C, the material crystallized at 109°C during the cooling cycle.
[EMIM][CB11H6Br6], 3. Synthesis was carried out according to the procedure described for 1 from Cs[CB11H6Br6] and [EMIM]Cl in dichloromethane/acetone mixture (10:1 by volume). Crystals suitable for X-ray crystallography were grown in dichloromethane solution layered with hexane at ambient temperature. In DSC, after melting at 139°C, the material crystallized at 99°C during the cooling cycle.
[EMIM][1-Me-CB11H11], 4. Cs[1-Me-CB11H11] was obtained from treatment of [NMe3H] [CB11H12] with n-BuLi, followed by addition of CH3I according to literature procedure, 27 and the product was recrystallized from isopropyl alcohol/water mixture saturated with cesium chloride. The synthesis of 4 was carried out according to the procedure described for 1 from Cs[1-Me-CB11H11] and [EMIM]Cl in dichloromethane. Additional purification was achieved via filtration of the reaction mixture through a small amount of alumina prior to the solvent removal. The product was recrystallized from methanol. In the DSC, after melting at 59°C, the material did not crystallize during the cooling 27 and recrystallized from isopropyl alcohol/water mixture saturated with cesium chloride. The synthesis of 5 was carried out according to the procedure described for 1 from Cs[1-Et-CB11H11] and [EMIM]Cl in dichloromethane. Crystals of 5 suitable for X-ray crystallography were grown by slow diffusion in dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 64°C, no crystallization was observed as the temperature was lowered to 25°C. However, crystallization occurred slowly over a period of several days at ambient temperature.
[EMIM][1-Pr-CB11H11], 6. Cs[1-n-Pr-CB11H11] was obtained via treatment of [NMe3H] [CB11H12] with n-BuLi, followed by addition of n-C3H7Br according to literature procedure 27 and recrystallized from an isopropyl alcohol/water mixture saturated with cesium chloride. The synthesis of 6 was carried out according to the procedure described for 1 from Cs[1-Pr-CB11H11] and [EMIM]Cl in dichloromethane and recrystallized from ethanol solution layered with hexane at -10°C. In DSC, after melting at 45°C, no crystallization was observed as the temperature was lowered to 25°C but crystallization did occur slowly after several days at ambient temperature.
[
with n-BuLi, followed by addition of n-C4H9Br according to literature procedure, 27 and recrystallized from isopropyl alcohol/water mixture saturated with cesium chloride. The synthesis of 7 was carried out according to the procedure described for 1 from Cs[1-Bu-CB11H11] and [EMIM]Cl in dichloromethane and recrystallized from dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 49°C, no crystallization was observed as the temperature was lowered to 25°C but crystallization did occur slowly after several days at ambient temperature.
[OMIM][CB11H12], 8. Synthesis was carried out according to the procedure described for 1 from Cs[CB11H12] and [OMIM]Cl in acetone/ dichloromethane mixture (5:1 by volume). Crystals suitable for X-ray crystallography were grown by slow diffusion in dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 70°C
, no crystallization was observed as the temperature was lowered to 25°C but crystallization did occur over a period of 24 h at ambient temperature.
[OMIM][CB11H6Cl6], 9. Synthesis was carried out according to the procedure described for 1 above from Cs[CB11H6Cl6] and [OMIM]Cl in dichloromethane. Crystals suitable for X-ray crystallography were grown by slow diffusion in dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 67°C, no crystallization was observed as the temperature was lowered to 25°C but crystallization did occur over a period of 24 h at ambient temperature.
[EDMIM][CB11H12], 10. Synthesis was carried out according to the procedure described for 1 from Cs[CB11H12] and [EDMIM]Br in dichloromethane/acetone mixture (5:1 by volume). Crystals suitable for X-ray crystallography were grown by slow diffusion in dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 156°C, the material solidified at 155°C during the cooling cycle.
[EDMIM][CB11H6Cl6], 11. Synthesis was carried out according to the procedure described for 1 above from Cs[CB11H6Cl6] and [EDMIM]-Br in dichloromethane. Crystals suitable for X-ray crystallography were grown by slow diffusion in dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 137°C, the material solidified at 126°C during the cooling cycle.
[BDMIM][CB11H12], 12. Synthesis was carried out according to the procedure described for 1 from Cs[CB11H12] and [BDMIM]Cl in acetone. The product was recrystallized from dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 129°C, the material solidified at 117°C during the cooling cycle.
[BDMIM][CB11H6Cl6], 13. Synthesis was carried out according to the procedure described for 1 above from Cs[CB11H6Cl6] and [BDMIM]-Cl in dichloromethane. Crystals suitable for X-ray crystallography were grown by slow diffusion in dichloromethane solution layered with hexane at -30°C. In DSC, after melting at 101°C, the material did not crystallize as the temperature was lowered to 25°C but crystallization did occur slowly over a period of several days at ambient temperature.
X-ray Structure Determinations. Each sample crystal of compounds 1-5, 9-11, and 13 was mounted onto a glass fiber with epoxy resin. The X-ray intensity data were collected at low temperatures on a Bruker SMART 1000 CCD-based X-ray diffractometer system 28 
used for data acquisition are summarized in Table S46 of the Supporting Information. The frames were integrated with the Bruker SAINTPLUS software package 29 using a narrow-frame integration algorithm. The data frames from compounds 1, 2, 4, 5, 10, and 11 were integrated as a monoclinic crystal system and those from compounds 3, 9, and 13 were integrated as an orthorhombic crystal system. The Bruker SHELXTL (Version 5.1) 30 software package was used for data reduction and the results are summarized in Table S46 . The Bruker SHELXTL (Version 5.1) 30 software package was used for phase determination and structure refinement for all nine compounds. The FLAT (for compounds 2 and 11), DFIX (for compounds 9 and 13), DELU (for compound 13), SIMU (for compounds 4 and 13), and SAME (for compounds 1, 2, 4, 5, 9, 10, 11, and 13) restraints were used during structure refinement. The results are tabulated in Table 2 .
[EMIM][CB11H12], 1: C7H23B11N2. No absorption correction was applied to the raw intensity data. The distribution of intensities and systematic absent reflections (E 2 -1 ) 0.982, centrosymmetric) indicated one possible space group, P21/c. Direct methods of phase determination followed by two Fourier cycles led to an electron density map from which most of the non-hydrogen atoms were identified. Subsequent isotropic refinement led to the identification of the remaining non-hydrogen atoms, including the disordered cation atoms. The imidazolium cation was modeled as a disorder having approximate 2-fold rotation symmetry, with the symmetry axis almost parallel to the direction of the C2-C5 carbon. The site occupation ratio was 74/ 26%. Atomic coordinates and isotropic and anisotropic temperature factors of all the non-hydrogen atoms were refined by means of a fullmatrix least-squares procedure on F 2 . All of the H-atoms were included in the refinement in calculated positions riding on the atoms to which they were attached.
[EMIM][CB11H6Cl6], 2: C7H17B11Cl6N2. Data collection and refinement were carried out as with 1. The imidazolium cation was modeled as a disorder having approximate mirror plane symmetry in the plane of the imidazolium ring but rotated about 20°. The site occupation ratio was 70/30%.
[EMIM][CB11H6Br6], 3: C7H17B11Br6N2. The SADABS 30 absorption correction was applied to the raw intensity data (µ ) 10.719 mm -1 , max/min transmission ) 0.8020/0.4243). The distribution of intensities and systematic absent reflections (E 2 -1 ) 0.751, noncentrosymmetric) indicated one possible space group, P212121. Direct methods of phase determination followed by two Fourier cycles led to an electron density map from which all of the non-hydrogen atoms were identified. No disorder was observed in the imidazolium cation or the carborane anion.
[EMIM][1-Me-CB11H11], 4: C8H25B11N2. Data collection and refinement were carried out as with 1. The imidazolium cation was modeled as a disorder having approximate mirror plane symmetry in the plane of the imidazolium ring but rotated about 10°. The anion was modeled as disordered with the pentagonal boron belts tilted about 53°from one another. The site occupation ratios for the disordered cations and disordered anions were 72/28% and 75/25%, respectively.
[EMIM][1-Et-CB11H11], 5: C9H27B11N2. No absorption correction was applied to the raw intensity data. The distribution of intensities and systematic absent reflections (E 2 -1 ) 0.967, centrosymmetric) indicated three possible space groups, P21/c, Pc, and P2/c. The combined figure of merit indicated P21/c to be the most likely space group, which was later determined to be correct. Direct methods of phase determination followed by two Fourier cycles led to an electron density map from which most of the non-hydrogen atoms were identified. Subsequent isotropic refinement led to the identification of the rest of the non-hydrogen atoms, including the disordered cation atoms which were modeled as a slight displacement disorder. The site occupation ratio was 51/49%.
[OMIM][CB11H6Cl6], 9: C13H29B11Cl6N2. No absorption correction was applied to the raw intensity data. The distribution of intensities and systematic absent reflections (E 2 -1 ) 0.831, noncentrosymmetric) indicated one possible space group, P212121. Direct methods of phase determination followed by two Fourier cycles led to an electron density map from which most of the non-hydrogen atoms were identified. Subsequent isotropic refinement led to the identification of the rest of the non-hydrogen atoms, including the disordered atoms of the octyl imidazolium cation which were modeled as a rotational disorder. The site occupation ratio was 71/29%. For anion-anion interactions, the closest C-H‚‚‚Cl distances (Å) are 3.03, 2.97 and angles (deg) are 133, 131, respectively. For the major component of the disordered cation, the closest C-H‚‚‚Cl distances (Å) are 3.06, 2.93, 3.01, 3.14, 2.86 and angles (deg) are 127, 128, 149, 120, 163, respectively. The shortest perpendicular distance from a Cl atom to the mean 5-atom plane of the aromatic ring is 3.33 Å.
[EDMIM][CB11H12], 10: C8H25B11N2. Data collection and refinement were carried out as with 1. The disordered cations were modeled with approximate mirror plane symmetry, the mirror plane being almost perpendicular to the plane of the five-membered ring and along the direction of the N1-N3 vector. The site occupation ratio was 62/38%.
[EDMIM][CB11H6Cl6], 11: C8H19B11Cl6N2. Data collection and refinement were carried out as with 1. The disordered cations were modeled with approximate mirror plane symmetry, hinged at the N3 position like the wings of a butterfly. The site occupation ratio was 86/14%. Considering only the major component of the disordered cations, the C-H‚‚‚Cl distances (Å) are 2.90, 2.74 and angles (deg) are 173, 161, respectively. The shortest perpendicular distance between one of the six Cl atoms to the mean 5-atom plane of the aromatic ring is 3.13 Å.
[BDMIM][CB11H6Cl6], 13: C10H23B11Cl6N2. No absorption correction was applied to the raw intensity data. The distribution of intensities and systematic absent reflections (E 2 -1 ) 0.897, centrosymmetric) indicated one possible space group, Pbca. Direct methods of phase determination followed by two Fourier cycles led to an electron density map from which most of the non-hydrogen atoms were identified. Subsequent isotropic refinement led to the identification of the remaining non-hydrogen atoms, including the disordered cation atoms. There are two imidazolium cations and two carborane anions in the asymmetric unit. Only one of the two imidazolium cations was modeled as a disordered cation. The aromatic ring and the 2,3-methyl groups have a "sliding disorder" and the butyl side chain has rotational disorder. The site occupation ratio for the disordered cation was 78/22%. Considering the anion-anion contacts, the C-H‚‚‚Cl distances (Å) are 2.96, 3.13, 3.10 and angles (deg) are 142, 141, 136, respectively. For the fully occupied cation, the cation-anion C-H‚‚‚Cl distances (Å) are 3.14, 3.18, 2.80 and angles (deg) are 132, 141, 133, respectively. For the major component of the disordered cation, the cation-anion C-H‚‚‚Cl distances (Å) are 2.94, 3.15 and angles (deg) are 163, 122, respectively. The shortest perpendicular distance between one of the six Cl atoms to the mean 5-atom plane of the fully occupied aromatic ring is 3.25 Å.
Results and Discussion
Synthesis. Scheme 1 shows the cations and anions used in this study. Imidazolium carborane salts were obtained by metathesis reactions of silver or cesium carboranes with imidazolium chlorides or bromides in varying solvents. The best routes typically involved cesium rather than silver salts in dichloromethane, frequently with a small amount of acetone added to increase solubility of the cesium reagent. Under these conditions, satisfactory separation of the cesium halide byproduct was usually achieved with a single filtration. Complete precipitation of silver halides from organic solvents can be quite slow, leading to silver-contaminated products. The imidazolium carborane salts 1-13 were isolated and characterized by 1 H NMR spectroscopy, elemental analysis, DSC, and single crystal X-ray diffraction methods. In pure form, they are white crystalline solids at ambient temperature. Most of the salts are only mildly hygroscopic, can be safely stored in a desiccator, and can be handled briefly in air. All have high solubility in dichloromethane, common alcohols, and acetone but low solubility in water.
The melting points for compounds 1-13, determined from the first peak in their DSC traces, are presented in 31 Thus, it is the introduction of an unsymmetrically dialkylated imidazolium cation that dramatically lowers melting points. In the carborane salts 1-13, the melting temperatures lie in the range 45-156°C. Many of the melted compounds exhibit a tendency to supercool, remaining in a glassy state for prolonged periods of time before recrystallizing.
Trends in Melting Points. The first observation to be made from the data in Table 3 is that in salts where the carborane anion is not C-alkylated, i.e., compounds 1-3 and 8-13, the nature of the imidazolium cation is clearly the main determinant of melting point. This is presented graphically in Figure 1 . The melting point of the CB 11 H 6 Cl 6 -salt for a particular cation closely tracks that of its CB 11 H 12 -salt, some 3 to 28°C lower in temperature. Within this data set, the lowest melting points are achieved with the cation having the longest alkyl chain, i.e., octyl in the OMIM + salts 8 and 9. This is also true within the subset of data for trialkylated imidazolium cations. For a particular anion, the butyldimethyl cation leads to a lower melting point than the ethyldimethyl cation (compare 10 with 12 or 11 with 13). The increasing disruption of crystal packing as the chain length is extended apparently overrides increased van der Waals interactions between the larger components.
Methylation of the C-2 position of the imidazolium cation does not lower melting points in the present compounds. In fact, 1-ethyl-2,3-dimethyl salts 10 and 11 have melting points some 20-30°higher than their 1-ethyl-3-methyl counterparts 1 and 2. This is a somewhat unexpected result in view of the acidity of the C(2)-H protons of an imidazolium ring and the possibility that they could engage in H-bonding to anions. Indeed, the chemical shifts of the C(2)-H protons show an anion dependence in acetone, suggestive of H-bonding in ion pairs in solution (see Table 1 ). They vary over a 0.5 ppm range whereas all the other imidazolium protons have constant chemical shifts within experimental error (0.02 ppm). With small anions such as chloride and nitrate, H-bonding of this kind has been established in imidazolium melts by NMR spectroscopy 32 and in solids by X-ray crystallography 33 but with BF 4 -the evidence is inconclusive. 17 With large carborane anions, imidazolium C(2)-H interactions are apparently significant only in the specific ion pairs that are assumed to form in solution. In the global, more isotropic electrostatic fields of the melted and solid states, they are apparently of less importance. Supporting evidence for this view comes from the X-ray structures and IR spectra discussed below. Placing a methyl group in the 2-position of an already N-methylated imidazolium cation may, in fact, aid packing efficiency by masking the 1,3-dialkylation asymmetry, thereby raising melting points. The melting point data for compounds 1-7, all with the same EMIM + cation, are informative with respect to the role of the anion. The compounds fall into two clearly discernible groups, those with C-alkylation of the carborane and those without. Comparing 1, 2, and 3, it is apparent that 7-12 hexahalogenation of the CB 11 H 12 -carborane is not of particularly great consequence. This is a little surprising because the "boron end" of a carborane anion is more electron rich than the carbon end, and therefore most likely to make contact with the imidazolium cation in ion-pairing interactions. The polarity of the carborane anion is well established in studies with coordinating cations such as Ag + and R 3 Si + where bonding always occurs via the 7-12 B-H or B-X substituents. 34 One might have expected that the substituent change from B-H to B-Cl (or B-Br) would have altered the cation/anion interactions in a more significant way because the overall dipole of the CB 11 H 12 -anion must be significantly increased by 7-12 hexahalogenation. The lack of a substantial effect on melting points suggests that the overall dipole of the anion is not a particularly important contributor to the lattice energy. The delocalized anionic charge of the carborane resides in the CB 11 framework and its unsymmetrical distribution is to some degree camouflaged by the layer of hydrogen and/or halogen atom substituents. The charge and its polarity are apparently not sensed strongly by a noncoordinating cation such as the imidazolium ion in the relatively isotropic electrostatic field of the crystal and melted states. This suggests that when searching for significant cation/ anion interactions in the crystal structures of the salts we should concentrate on local effects rather than alignment of dipoles. The melting points of 1, 2, and 3 suggest that the order of increasing local interaction of the anion substituents with the cation may be Cl < B-H < Br. The differences are slight, however. Perhaps the additivity of dispersion forces (higher for Cl and Br) and local polarities (higher for the hydridic B-H bonds) makes their interactions with cations roughly equivalent. An alternative way of understanding this is to consider the size of the anion. Although the halide substituents add electrons and therefore increase dispersion forces, they also lower the electrostatic contribution to the lattice energy by making the anion larger. These effects are roughly equivalent and the melting points are not particularly anion dependent.
Nevertheless, introduction of a C-alkyl substituent onto the carborane anion in compounds 4, 5, 6, and 7 leads to a substantial drop (ca. 60°C) in the melting temperatures of the EMIM + salts, relative to 1, 2, and 3. C-Alkylation of the anion is not expected to alter its dipole in a very significant manner so, once again, the data suggest that the overall dipole of the anion is not a major determining factor. The C(1)-H bond of the carborane anion is somewhat acidic (it reacts with BuLi) but it cannot be expected to interact significantly with the positively charged imidazolium ion. Indeed, no particularly significant interactions can be discerned in the crystal structures and the carborane C-H stretching frequency varies by only 29 cm -1 in all of the unalkylated salts (see below). Thus, Calkylation of the CB 11 H 12 -anion is not expected to break up any cation/anion interactions in 1, 2, and 3 that might rationalize a 60°drop in the melting points of 4-7. We hypothesize therefore that C-alkylation of the carborane introduces a new appendage to the anion, diminishing its ability to pack efficiently. Combining the trends in cation and anion effects on melting points leads to the prediction that octylmethylimidazolium salts of the type [OMIM][1-R-CB 11 H 11 ] will be liquids at room temperature for R ) Me, Et, n-Pr, and n-Bu. This seems to be the case but to date we have been unable to prepare entirely analytically pure samples of the viscous hygroscopic glasses that result from preparative metathesis reactions. In addition, 1-ethyl-3-methylimidazolium salts of 1-R-CB 11 H 11 -anions with longer R (C 5 -C 12 n-aliphatic) appear to be room temperature liquids but their investigation also awaits the development of clean preparative routes.
Infrared Spectra. There has been considerable debate in the imidazolium salt literature over the significance of small frequency shifts in the C-H stretching frequencies of the cations and whether they accurately reflect the degree of H-bonding to anions. Table 4 lists the dominant infrared bands for compounds 1-13 observed above 3000 cm -1 . This region is considered diagnostic of the two (or three) aromatic C-H bonds of the cations. It is also the region where the single stretching frequency of the C-H bond of the carborane anion appears. Not listed in the table are a number of weak or very weak bands and shoulders that can be variously assigned to overtones, solidstate splitting, or multiplicities arising from crystallographic disorder. Actual spectra are available as Supporting Information.
We assign the two highest frequencies to the C(4)-H and C(5)-H stretches. The highest frequency band appears at 3137-3133 cm -1 in [EMIM]X (X ) Cl, Br, I) 32 and lies within the 3183-3162 cm -1 range in compounds 1-13. The higher values in the present compounds suggest that the weak C-H‚‚‚anion H-bonding-type interactions believed to be present in the halide salts are diminished or absent in the carborane salts. Within the 13 carborane salts, the small range (only 21 cm -1 ) suggests that C-H interactions with the anions vary in only a trivial manner. Data for the second highest frequency band vary by only 10 cm -1 , reinforcing the notion that C(4)-H and C(5)-H interactions with the anions are very weak.
The third highest frequency is assigned to the stretching frequency of the C(2)-H bond of the imidazolium ion. Adjacent to both N atoms of the cation it is logically less electron-rich and thus more prone to H-bonding than the C(4)-H or C(5)-H bonds. The range of frequencies is 3125-3099 cm -1 and in a number of the compounds there are shoulders or splitting into two medium intensity bands. The somewhat greater range (26 cm -1 ) suggests a slightly greater proclivity toward varied interactions with the anions and this tends to be borne out in the crystallographic observations made below. The frequent duality of bands may be a reflection of the cation disorder observed in the crystal structures. As expected, this band is absent in the 2-methylated imidazolium salts 10-13.
The fourth highest frequency is assigned to the unique C-H stretch of the carborane and lies in the range 3075-3046 cm -1 . With the exception of the somewhat high 3075 cm -1 band (of three) in 13, the range is about the same as we have observed in a large number of carborane salts and probably reflects nothing more than the normal range of van der Waals interactions that the carbon end of the anion experiences with other components of the crystal lattice. Sometimes a minor splitting is observed to lower energy but this again is the same as we have observed in a variety of other carborane salts. Its most logical explanation is solid-state splitting arising from crystal site asymmetry. As expected, this band is absent in the C-alkylated carborane salts 4-7.
X-ray Structures. Crystal structures have been determined for 9 of the 13 imidazolium salts: compounds 1-5, 9-11, and 13. Probably the most important observation is that in all but one of the structures, the imidazolium cation is disordered. As illustrated in Figure 2 by overlaying the major and minor occupancies, the disorder can take many different forms. For the cations with the shorter alkyl chains, the disorder always involves the imidazolium ring. For the cation with the longest alkyl group, octyl in 9, the disorder is confined to the aliphatic chain. Inspection of the positions of the terminal methyl groups finds frequent near spatial coincidence in the major and minor forms. This shows that the disorder is accommodated within about the same cavity size.
The carborane anion is ordered in all but one structure. Interestingly, the disorder occurs with the C-methylated anion in 4, one of the lowest melting compounds. The disorder is illustrated in Figure 3 .
The only structure without disorder, in either the carborane or imidazolium fragments, is [EMIM][CB 11 H 6 Br 6 ], 3. Notably, this compound also has the second highest melting point.
We interpret disorder in the cation as a direct reflection of the poor packing efficiency of the imidazolium ions. It is consistent with the notion that low symmetry is the single most important attribute of N,N′-dialkylimidazolium ions in conferring low melting points on their salts. Indeed, our analysis of the trends in melting points discussed above seemed to point toward this as the major cause of lowered melting points. The trends in melting points are also reflected in crystal densities (Table  3 ). Figure 4 shows how, for a particular anion (CB 11 H 6 Cl 6 -) for which there are data for all cations, the calculated crystal densities follow the same trend as the melting points in their dependency on the nature of the cation.
Of 36 tetracyano-p-quinodimethanide, 37 bromide, 32 tetrabromoaluminate, 32 and tetrachloropalladate 38 ), only the chloride is reported to have disorder. However, we note that all of these salts have relatively small and/or chargeexposed anions and that in each of these crystal structures, H-bonding or stacking interactions have been identified in the lattice. These interactions apparently lead to the high degree of order that is observed. By contrast, the large, charge-diffuse carboranes used in the present work appear to have diminished specific cation/anion interactions to the point where packing inefficiencies are manifest in obvious and frequent disorder.
Inspection of the stereoscopic packing diagrams for the nine structures (see Supporting Information) does not reveal any obvious patterns in the packing of the carborane anions. Sometimes their mutual orientations are consistent with anion/ anion dipole alignment, but most often they are not. In 1, the closest approaching carboranes actually have their dipoles in a repulsive orientation. Similarly, the C 5 axis of the carborane shows no obvious pattern of electrostatic alignment with the closest approaching cation. These observations tend to confirm that the overall dipolar nature of the carborane anion is not a very important contributor to lattice energy.
For each of the structures we have inspected the closest cation/anion contacts in an attempt to identify the most significant local attractive interactions that may contribute to the lattice energy. In all of the structures containing the CB 11 H 6 Cl 6 -anion, chlorine atoms make the closest approaches to a cation. For the purposes of defining the most significant C-H‚‚‚Cl interactions we have limited ourselves to the consideration of H‚‚‚Cl distances <3.20 Å and C-H‚‚‚Cl angles >120°. These dimensions are based on the sum of the van der Waals radii for hydrogen and chlorine and the supposition that the energy of interaction will be highest for those C-H‚‚‚Cl geometries that approach linearity. 36 The limits are arbitrary and are not meant to deny the continuum of weak C-H‚‚‚Cl interactions that contribute to lattice energetics. 39 These limits easily encompass the majority of such interactions. 39 A representative example of these cation/anion interactions is shown in Figure 5 for compound 2. All three aromatic protons of the imidazolium cation are involved in chlorine atom interactions. Three chlorine atoms are found in close proximity to the C(4)-H bond, two chlorine atoms to the C(2)-H bond, and one chlorine atom to the C(5)-H bond. In addition, a chlorine atom closely approaches one face of the aromatic ring at a distance of 3.18 Å from the mean 5-atom plane. The dimensions of all of the C-H‚‚‚Cl interactions are tabulated in Table 5 . Predictably, the shorter Cl‚‚‚H distances correlate with the larger C-H‚‚‚Cl angles. Those shorter than 3.0 Å have angles of from 145 to 160°. Those longer than 3.0 Å have angles of from 123 to 132°. The ranges of distances and angles in Table 5 are representative of the cation/anion interactions in all of the structures containing hexachlorinated carborane anions (see Experimental Section). For the hexabromocarborane structure 3 the shortest C-H‚‚‚Br distance is 2.79 Å and the C-H‚‚‚Br angle is 167°. All of the hexachlorocarborane structures except 8 have a significant Cl atom interaction with the 5-atom π system of the imidazolium ring. Distances to the plane lie in the range 3.13-3.33 Å.
For the compounds that do not contain hexahalogenated carborane anions we do not find any indications of unusually close cations/anion contacts. Given the uncertainty of defining H atom positions we can only say that there are many weak C-H‚‚‚H-B interactions at about van der Waals H‚‚‚H separation (2.6 Å).
Conclusion
The inescapable conclusion of this work is that packing inefficiency is the single most important factor in rationalizing the low melting points of N,N′-dialkylimidazolium salts. Positional disorder of the cations in their crystal structures, a direct indicator of packing inefficiency, has been identified as a common and potentially general characteristic of low melting imidazolium melts with large anions. It is apparent that once cation/anion interactions are reduced essentially to the level of van der Waals or very weak H-bonding-type forces, packing inefficiency becomes reflected in disorder. Packing inefficiency seems to be the factor giving N,N′-dialkylimidazolium salts their low melting points.
The systematic variation of alkyl substituent on the cation and the anion has led to usefully predictive trends in melting points. Future work will be directed at optimizing the purity and handling properties of those salts that are liquids at room temperature. By introducing carborane anions into the ionic liquid repertoire, we anticipate that new extremes of cation reactivity can be explored. We are particularly intrigued by the possibility of developing a novel superacid medium that is more strictly non-oxidizing than previously attainable and where the conjugate base (i.e. the anion) has the lowest nucleophilicity presently available. 15 
